Abstract We describe the collection and processing of Global Positioning System (GPS) data from 77 locations around the Hector Mine earthquake, which we use to estimate coseismic displacements related to this shock. The existence of pre-event GPS data, some collected to monitor postseismic displacements from the 1992 Landers earthquake and some to establish survey control in the meizoseismal area, provided a relatively dense coverage close to the rupture zone. The data available were collected mostly within the 2 years prior to the 1999 earthquake; we reobserved many points within a few days after the shock, and all within 6 months after. We include corrections for interseismic motion to provide the best value possible for coseismic motion caused by this earthquake. The displacements in general display the pattern expected for a strike-slip fault, though a few show significant vertical motion. The maximum horizontal displacement observed was 2 m; one station between fault ruptures showed little horizontal motion, but significant uplift.
Introduction
Geodetic measurements of displacements from earthquakes began in California in 1857, with an (unsuccessful) attempt by W. E. Greenwell (Agnew and Sieh, 1978) . The 1906 San Francisco earthquake led to the discovery of widespread displacements away from the fault (Hayford and Baldwin, 1908) and since then each large earthquake in California has been followed, sooner or later, by an estimate, from geodetic data, of the displacements it caused. Of course, as geodetic techniques have become more precise, the size considered large has diminished, and the amount of data available for a given size of event has increased.
This article represents the latest in this genre, for the Hector Mine earthquake of 16 October 1999. In particular, it follows the style of earlier reports on the 1992 Landers and 1994 Northridge (Hudnut et al., 1996) earthquakes, in presenting a compendium of displacements derived from measurements using data from the Global Positioning System (GPS) that were collected in survey mode (also known as campaign data): that is, by occasional occupations of a survey monument with a GPS receiver. These are not the only measurements of coseismic displacements available for this earthquake, indeed not even the only GPS measurements. Coseismic displacements were also measured by the permanent GPS stations of the Southern California Integrated GPS Network (SCIGN); estimates of these displacements have been presented by the Hector Mine Earthquake Team (2000) , by the SCIGN Analysis Committee (1999) , and by Hurst et al. (2000) . The SCIGN data cover a relatively restricted range of azimuths and do not extend close to the fault; the survey-mode data have much more complete spatial coverage, though also much less temporal resolution. In this article we document how the displacements of survey-mode points were estimated, especially given that these estimates involve corrections for interseismic motion that are unnecessary for the permanent GPS installations. Since the data reported here are only a part of the total dataset available for estimating static fault slip, a dataset that also includes very high-quality InSAR measurements (Sandwell et al., 2000; Fialko et al., 2001; Sandwell et al., 2002) , we have eschewed the custom of estimating a fault-slip model from the displacements.
Observations
Considerable high-precision GPS data had been collected around the area of the Hector Mine earthquake in preceding years, primarily to monitor postseismic deformations from the 1992 Landers earthquake Savage and Svarc, 1997) , through surveys by universities (especially UCLA) belonging to the Southern California Earthquake Center (SCEC) and by the U.S. Geological Survey (USGS). Additional data were collected during control surveys of the California High-Precision Geodetic Network (HPGN), done by the National Geodetic Survey (NGS) and the California Department of Transportation (CADT). In addition, two sites close to the rupture (TROY and SIBE) and several others more distant were occupied annually by Central Washington University (CWU) as part of a study of the Eastern California Shear Zone . Except for the CWU measurements, all of these data had been archived at the SCEC Data Center as part of an effort led by three of us (Agnew, Johnson, and Anderson) , so it was easy for us to find out quickly which stations could usefully be reobserved. Personnel from the USGS, from SCEC universities (USC, UCSD, and UCLA), and from CWU made the first such observations within 2 days of the earthquake; most points were reobserved within a week. The day after the earthquake, personnel from the Jet Propulsion Lab (JPL) set up continuously operating stations at TROY and SIBE; these sites are now part of SCIGN. The achieved data also showed a few points extending farther east and crossing the fault rupture; these had been observed in 1998 by UCLA to extend the Landers monitoring farther east. These points were located on the Air-Ground Combat Center (MCAGCC) of the U.S. Marine Corps (USMC); we resurveyed these as soon as this area was accessible, 6 days after the earthquake. Most of the points observed by USGS and SCEC personnel were reobserved at varying intervals thereafter to determine postseismic motion. In addition, personnel from the Massachusetts Institute of Technology (MIT) observed at a few additional points in early January 2000, mostly at locations more distant from the epicenter.
In early 2000 we learned of additional GPS data from the region close to the fault. In fall 1997 and spring 1999, members of the Meteorology and Survey Section, 11th Artillery, USMC, made low-precision surveys of a number of stations in and around MCAGCC to improve geodetic positions of points used for fire control. Given that even brief GPS occupations can provide positions good to a few centimeters, we felt it would be worthwhile to reoccupy as many of these points as possible close to the fault, and we did so as soon as they were accessible to us, in April 2000. We occupied all stations with prior GPS data that were within one rupture length of the fault; a few of these had been used earlier for postseismic monitoring. Table 1 describes the points observed both before and after the earthquake; except for some more distant points, all these are shown in Figure 1 . Table 1 gives the station code used, the location, and monument stamping (if any), and also gives the times of the last observation before the earthquake and the first one after it, along with the agency collecting the data. In a few cases data were available closer in time to the shock than is shown here, but these data were not used because they were less precise: for example, the USMC occupied station SAND in 1999, but we have used the earlier, more precise, data from the USGS.
Data Collection
All observations used dual-frequency GPS receivers. The SCEC data after 1996 and the USGS data after 1997 were all collected using Ashtech Z-12 systems with choke-ring antennas, matching the SCIGN installations. Most of the data collected by the CADT and the NGS utilized Trimble 4000SSE or SSi receivers. The USMC collected data with the Trimble MSGR, the military version of the 4000SSi equipment. While a variety of antenna types were used in these measurements, all were of designs for which phase maps relative to the choke-ring design are available. Much more important to the precision of the results is the duration of the observations. Most of the SCEC and USGS observations were for at least 8 hr, with many stations being observed continuously for several days. One exception was the SCEC stations observed in 1998 inside MCAGCC, which had durations of 4 to 6 hr. Most of the NGS and CADT observations were 5 to 6 hr in duration. The USMC surveys in 1997 and 1999, as appropriate for lower-precision GPS, had durations of 45 min; however, at a number of sites several such sessions would be observed in succession, making a total observation span of up to 3 hr, albeit with gaps in the data.
All survey-mode data from both before and after the earthquake, with the exception of the pre-earthquake data collected by CWU 
Data Processing
We processed all data with the GAMIT (King and Bock, 2001) and GLOBK (Herring, 2001 ) processing packages. The solution used the survey-mode data for the day and data from 5 to 6 continuous stations across California, primarily from SCIGN. In the first step, double-differenced phase data were used to solve for relative station positions, atmospheric zenith delays (every 2 hrs) and integer ambiguities. In this initial solution, we adopted the International GPS Service (IGS) satellite orbits with tight constraints, and also applied tight constraints to the positions of three regional SCIGN stations: MONP, BLYT, and PIN1. Once ambiguities were resolved, the software generated a solution with all parameters loosely constrained and a full covariance matrix.
The postearthquake data was processed for a full UTC day. Many of the pre-earthquake USMC data spanned the UTC day boundary; for these, the interval analyzed was limited to the span covered by the survey-mode data, and only the two closest SCIGN stations (PIN1 and GOL2) were included in the solution. Processing only this more local network made it possible to resolve more ambiguities for the relatively short spans of USMC data, which proved crucial Coordinates are ellipsoidal. "PID" is the permanent ID used as a designator by the National Geodetic Survey. "Last" is the number of days before the Hector Mine earthquake that the last pre-event measurement was made. "First" is the number of days after the earthquake that the first postseismic measurement was made. Table 1 and Table 2 . The dashed line marks the boundary of the USMC base, MCAGCC. The heavy black line shows the mapped rupture of the 1992 Landers earthquake; other active faults in the area are shown as light lines, and named.
to producing low errors for the final position estimates (though this was not always achieved).
We next used the GLOBK Kalman-filter package to combine the individual loose solutions and estimate station positions before and after the earthquake, all stations within 150 km being allowed to have an arbitrary offset at the time of the shock. The reference frame was provided by a tight constraint applied to the orbits and by the assumption of no motion for the more distant stations (MONP, BLYT, JPLM, VNDP, CMBB, and FARB). The SCIGN results indicate that none of these moved more than 1 cm at the time of the mainshock.
Interseismic Corrections
Fortunately, many sites were observed not too long before the mainshock, but some had not been observed in years, not since shortly after the 1992 Landers earthquake. We therefore applied a correction for the interseismic motion of these points; this correction includes both the usual secular part and long-term postseismic motions caused by the Landers shock. For some points there are sufficient data after Landers to estimate the interseismic velocity directly, but for many others (notably the USMC-observed stations) we lack such measurements.
The basis for our interseismic velocity estimates was an interim set of SCEC crustal motions (station velocities), produced by rotating velocities from three sources to a common reference frame (T. A. Herring, personal comm., 2001 ). The first source was a provisional update of the SCEC crustal motion map, using somewhat more stations than were included in Version 2 of the map; the second was an analysis of the SCIGN data; and the third was an analysis at MIT of the data described by McCluskey et al. (2001) The updated SCEC crustal motion map includes estimates for secular velocities of stations. In the Landers area this will of course include any long-term postseismic readjustments. For consistency with these, we excluded two sets of velocities from the Landers area: (1) the velocities deduced from electronic distance meter (EDM) data by Dong et al. (1998) , which predate the Landers earthquake, and (2) the velocities at the SCIGN sites OAES and LDES, which are based largely on post-Hector Mine data. This meant that, in the immediate area of the Landers (and Hector Mine) earthquake, all available velocities were post-Landers; farther southwest, where the San Andreas fault affects the velocities more, some of the velocities are partly pre-Landers.
To get velocities at additional points, we interpolated the velocities to the locations of all points using a Gaussian weighting and local regression (fitting for a local velocity, with constant strain rate and spin) as in Shen et al. (1996) . To remove possible outliers, we compared these interpolated velocities with those used as input; if the weighted difference exceeded three standard deviations, the velocity was not used. While this resulted in 80 out of 640 velocities being rejected overall, only 2 were rejected in the area covered by Figure 1 . Finally, we interpolated the velocity to all points (including those used as input); the interpolation scheme also gave standard errors for each velocity. This interpolated velocity, multiplied by the time span in Table 1 , gave the total interseismic correction, which (with its errors) is given in Table 2 . For example, at station 7002, the estimated north velocity is 9.3 ‫ע‬ 0.8 mm/yr. Since the span between preand post-Hector Mine data was 7.49 years, this gives a correction of 69.7 mm to the offset of 273.7 mm between these epochs, for the final coseismic offset in Table 2 of 204.0 mm. At station LAZY, the interpolated north velocity was larger (15 mm/yr) but the time span less (1.33 years), so the correction is only 20 mm. Thus, the correction for interseismic motion is largest for stations closest to the San Andreas fault and for sites (such as 7002) with long time spans between the observations; in most cases it is less than a few centimeters.
Since many of the points were first observed within 6 days of the earthquake, this time is probably the best reference epoch to which our postearthquake measurements can be referred; this also corresponds to the date at which postearthquake interferometric synthetic aperture radar (InSAR) data are available. Most of the GPS data discussed here, like the InSAR data, thus include the effects of any immediate postseismic motion, as well as the dynamic rupture. The only points potentially requiring substantial correction for postseismic motion are those first observed in January and April 2000. However, the SCIGN data (Hudnut et al., 2002) do not show displacements of more than about 3 cm over the first 6 months, only a small fraction of the displacements observed at these near-fault points.
Results
For each station, Table 2 gives the interseismic corrections, with our best estimate of the coseismic displacement; as explained previously, this estimate was found by combining the offset between the two epochs in Table 1 with the interseismic correction. Figures 2 through 4 plot these estimated coseismic offsets. Note that in Figure 2 the plotted displacements have been scaled in a somewhat unusual way: the length of each displacement vector is proportional to the cube root of the magnitude of the displacement, with the error ellipse for each vector scaled as the vector is. This nonlinear scaling reduces the range of vector lengths, and so makes it easier to see consistency (or the lack of it).
The horizontal data (Fig. 2) show a clear pattern, basically what would be expected from a finite fault with primarily strike-slip movement. The points closest to the central part of the fault (e.g., CHUK, GAYS, and GHAZ) show larger displacements than those closest to its southern part, indicating that more slip occurred at the northern part of the Bullion fault, consistent with the mapped surface offsets (Treiman et al., 2002) .
Possible vertical motions are of considerable importance in interpreting the InSAR data, since these would cause The first six numerical columns give the estimated offsets and their errors, after applying the correction for interseismic displacement between the last pre-and first post-Hector Mine measurement; these corrections are in the last four columns (there is no correction to the vertical displacements). A downloadable version of this changes in the line-of-sight direction that could be misinterpreted as large horizontal motions. Figure 3 shows some of the vertical results; unfortunately, because of the relatively short observation spans of the pre-Hector Mine data, the vertical errors for many sites are large. In agreement with the InSAR results of Fialko et al. (2001) , the sites near the central part of the fault show upward motion to the northeast of the rupture, and downward to the southwest, and along the northernmost part of the rupture, downward motion to the northeast. Most far-field sites show little vertical motion, with the exception of a few that are relatively close to the 1992 Landers rupture.
One station that shows large vertical motion is a rather unusual case: station SALY, located between two mapped ruptures of the Bullion fault. Figure 4 shows a detail of the area around this point: it is evident that stations on either side of the two ruptures moved oppositely, as expected, with SALY, (on the block between the ruptures) moving very little horizontally but rising by about 0.3 m. This point is located on the crest of a small hill.
Conclusions
The number of points at which offsets could be determined for the Hector Mine earthquake makes this one of the geodetically better observed events of its size anywheresomewhat surprisingly, given its location in a nearly unpopulated desert region. This underscores a point which was first made evident by the Loma Prieta earthquake: GPS techniques have such high inherent precision that even data collected for nonscientific purposes can be useful for determining coseismic offsets, and such data are becoming increasingly widespread with the increasing use of GPS. It seems likely that for many future earthquakes survey-mode data not collected for scientific purposes will be an important source of closely spaced measurements of offsets; the challenge will be finding such data from the many available surveys.
Even the relatively large number of points shown in Figure 2 is nowhere near the uniformly dense coverage provided by InSAR. Determining the relative importance of GPS and InSAR data is beyond the scope of this paper, as it would require a systematic inversion for fault slip. Given the very high coherence available for InSAR images of this earthquake, and the availability of along-track and cross-track data, the Hector Mine event is likely to represent a best case for InSAR, with full vector data being recoverable (Fialko et al., 2001; Sandwell et al., 2002) . However, the GPS and InSAR data probably remain complementary, given the much higher precision of the former in the horizontal, as well as its immunity to long-wavelength biases.
